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Introduction
Meniscal injuries are the most common of traumatic knee injuries (1, 2) . Once damaged, meniscal tissue rarely regains normal structural integrity and mechanical strength (3, 4) .
Surgical repair of meniscal tears cannot reliably prevent the degenerative changes that occur after injury (5, 6) . As a result, meniscal injuries are a common underlying cause of post-traumatic osteoarthritis. This is particularly striking in young, healthy individuals such as military personnel, where meniscal injury is often associated with long-term disability and knee replacement surgery (7, 8) . This proposal focuses on identifying meniscal stem/progenitor cells (MSPC) in the adult meniscus, developing a molecular profile of these cells, and examining the contribution MSPC provide to repair after meniscal injury. Information gathered from these studies will be useful for developing new treatments for acute meniscal injuries, lessening the need for joint replacement and reducing long-term disability in active adults.
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Overall Project Summary
Isolation and characterization of MSPC.
Task 1: Obtain mice necessary for experiments. This task has been completed.
Task 2:
Develop standard MSPC isolation protocol. This task has been completed and published in Gamer et al., 2017 .
Task 3: Characterize MSPC.
Subtasks (3a-3d) have been completed and published in Gamer et al., 2017 .
Subtask (3e):
Self-renewal capacity of MSPCs will be examined by calculating proliferation rates using a BrdU assay, and doubling times will be determined. This task has not been completed.
Subtask (3f):
Migratory capacity of MSPCs will be determined and test substances IGF1, BMP2, and TGF evaluated. This task has not been completed.
Interaction of MSPC with meniscus niche in vivo.
Task 1: Obtain and age mice for experiments. This task has been completed.
Task 2:
Introduce MSPC into meniscus in vivo.
We have experienced difficulty in injecting meniscal cells into the mouse meniscus. The small size and accessibility of the mouse knee has been a challenge. Due to these issues, this task has not been completed. No model exists to study acute meniscal injury in the mouse so it has not been possible to assess signaling and cellular changes within the meniscus immediately after injury or monitor the temporal contribution of injured meniscus to the joint environment. To address this problem, we created a simple meniscus injury model (Fig 1) . We note that the exact injury made by this procedure varies (Fig 1C) , similar to the highly variable injuries that occur in individuals after meniscus trauma. expression, we observed a small increase in proliferating cells at 3 days after injury and a substantial increase in proliferating cells 21 days after injury (Fig 2B) . This response is consistent with the idea that meniscal progenitors are maintained in a quiescent state and 7 are mobilized after injury in response to signaling changes. Meniscal tear injury leads to up regulation of MMP13 in meniscus and articular cartilage. We followed the changes in the knee joint after acute meniscus injury using histology and IHC. The most striking changes we observed were on day 21 after surgery, when both the meniscus and the adjacent articular cartilage expressed MMP13 (Fig 3C) , a finding highly relevant for understanding the progression of events within the knee after acute meniscus injury as proteolytic cleavage of aggrecan by MMP13 weakens extracellular matrix (ECM) andis a key element in the pathogenesis of OA. Models of meniscus injury in larger animals have established that injured meniscus is a source of activated MMPs, and in some of these studies inhibiting MMP13 activity has protective effects, slowing the progression of joint disease. MMP13 is reported to be expressed in cartilage of human OA patients and not present in normal adult cartilage. Examining gene expression in human meniscal samples early after injury is difficult because joint replacement surgery is not performed early after meniscus injury and data from knees at time of joint replacement has been highly variable with regard to gene expression by meniscus. While surgery is performed to repair meniscus after tearing has occurred, meniscus tissue is usually not harvested during these procedures. Availability of a mouse model allows us to address the issue of meniscus gene expression as a function of time after injury, and more generally to test our hypothesis for why the meniscus does not repair after injury. 
Key Research Accomplishments
1. Development of reproducible and efficient protocol for isolation of meniscal stem/progenitor cells (MSPC) from adult mouse meniscus.
2. Characterization of stem cell features of MSPC from young and aged mice.
3. Development of reproducible meniscal tear model in adult mice. 4 . Characterization of endogenous healing capacity in meniscal tear model in adult mice.
Conclusion
Treatment options for damaged meniscus are limited and all have a poor outcome when judged by their ability to prevent progression of degenerative changes within the meniscus and adjacent articular cartilage so that meniscus damage remains a potent risk factor for knee OA. Availability of mouse models has greatly enhanced our knowledge of the mechanisms underlying the repair of musculoskeletal tissues as murine models exhibit similar pathological characteristics as humans (9) . Prior to completing this project, no characterization of MSPC from adult mice had been reported, nor had a mouse model of meniscal injury been developed. As a result, we have not been able to study the signaling changes and cellular events that take place within the meniscus immediately after injury or monitor the temporal contribution of injured meniscus to the increasingly destructive joint environment that develops and negatively affects other tissues within the joint space. Availability of these novel reagents will allow us to map the biological events that culminate in post-traumatic knee OA, assessing the injured meniscus first, and following subsequent changes in other joint tissues that occur in response to meniscal injury. These investigations will provide a new perspective on the relationship between the pathogenic events that define OA. Insight garnered from a mouse model of meniscal injury will also help define design principles for novel meniscal replacements, an area where current progress in developing enhanced grafting materials is limited by lack of information regarding the origin of meniscal progenitor cells and the signals controlling their differentiation and proliferation, areas we can easily investigate due to our characterization of MSPC (10).
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INTRODUCTION
In the elderly, osteoarthritis (OA) is the most common musculoskeletal disease (Reginster, 2002) and will be the fourth leading cause of disability by the year 2020 (Woolf and Pfleger, 2003) . The knee is particularly prone to meniscal lesions that lead to OA (Englund et al., 2012) , and a high interdependency of OA and meniscus lesions has been described (Brophy et al., 2012) . In fact, meniscal injuries are the most common knee injury and account for more than 50% of the 1.5 million knee arthroscopies performed annually (Englund et al., 2008; Lohmander et al., 2007) . The prevalence of meniscal tears increases with age (Loeser, 2013) and may be as high as 56% in men aged 70-90 years old (Englund et al., 2008) . Lack of robust meniscal repair in adults with or without surgical intervention has led to the development of allografts or bioengineered meniscal substitutes (Haddad et al., 2013; Steinert et al., 2007) , and, whereas these fill the space void created following removal of the meniscus, clinical, radiological, and MRI evaluations show no protection against the development of OA (Hommen et al., 2007) . The specific reasons for this lack of effect are unknown; however, a failure to successfully remodel the allograft into living tissue is one likely factor (Steadman and Rodkey, 2005) . Almost all patients eventually require joint replacement (Lohmander and Roos, 2007) .
The meniscus is best described as a fibrocartilage (Benjamin and Evans, 1990) comprising an outer, ''red vascularized'' part and an inner ''white, unvascularized'' part harboring round fibrochondrocytes (Hellio Le Graverand et al., 2001) . Additionally, the outer surface of the meniscus is enclosed by a superficial layer with flattened, elongated fibroblast-like cells that predominantly synthesize collagen type I (McDevitt and Webber, 1990) , whereas the round fibrochondrocytes from the inner part also produce collagen type II (Chevrier et al., 2009 ).
It has long been known that the outer, vascularized part of the meniscus is often able to successfully repair itself after injury allowing for normal meniscus function, whereas the inner meniscus produces a repair tissue in response to injury but cannot functionally regenerate. Experimental animal studies support the idea that the meniscus possesses regeneration activity. For example, fibrochondrocytes have been isolated from bovine meniscus tissue (Mauck et al., 2007) and migrating cells are found in healthy adult rabbit meniscus (Webber et al., 1989) . Regeneration of the vascular, outer part of the meniscus might be due to the presence of CD34-positive cells (Osawa et al., 2013) or to mesenchymal cells that can be released by collagenase digestion of human meniscus (Segawa et al., 2009) . Because application of growth factors and fibrin clots have elicited responses by cells resident in the inner meniscus, several authors have speculated about the importance of activation of meniscal repair cells (Petersen et al., 2005) . Up until today, the question remains, as to whether the inner, avascular part of the human meniscus harbors multipotent cells capable of regeneration.
Here, we describe isolation of human meniscus progenitor cells (MPCs) from the inner meniscus harvested from 
RESULTS
Meniscus Tissue Histology and Molecular Composition
By combining and modifying available classification systems for OA specimens (Pauli et al., 2011; Zhang et al., 2011) , we developed a means to discriminate healthier human menisci from their diseased counterparts. Intact meniscus tissue is composed of a superficial zone with flattened cells that primarily synthesize collagen type I (McDevitt and Webber, 1990) . This architecture remains in healthier human menisci obtained from patients suffering from OA but is always absent in more disease samples ( Figures 1A and 1B) . The inner zone, containing more rounded cells that secrete collagen type I and type II, is present regardless of disease severity (Figures 1C and 1F) . In diseased human menisci (score greater 4), 23% of the samples exhibit abnormal calcifications (Figure 1D ) and 53% display anomalous clusters of cells ( Figure 1E ).
Using microarrays, we then analyzed cells obtained by culturing tissue explants from the inner zone of diseased and healthier human menisci. We focused on the top 100 most abundantly expressed genes, and among these, we identified 48 as being upregulated, i.e., exhibiting a positive fold change, and 52 as being downregulated, i.e., exhibiting a negative fold change (p value <0.001, as listed in the figure legend). Among these top 100 genes, we found only four of the 15 arbitrarily defined potential marker genes: TIMP2, SOX9, ACAN, and MMP14, stressing the importance of these particular genes for discriminating healthier meniscal samples from diseased ones. When we analyzed eight human meniscus tissue samples, the 100 top genes clustered into two groups, healthier and diseased, as shown in the heatmap ( Figure 1G ). A selection is listed ( Figure 1H ), and the complete results can be found under GEO (accession number GSE52042).
To complement our microarray analyses, we performed proteomics analyses on cells grown from the healthier and diseased meniscus samples and could identify approximately 4,000 proteins as expressed by meniscal explant cells. However, only a small number of proteins produced by meniscal cells are known to be relevant for OA and meniscus pathology (as listed in Figure 1I ), suggesting that for the meniscus, like other tissues studied so far, the correlation between transcriptome and proteome data is weak (Haider and Pal, 2013) . Upon close examination, several signaling pathway mediators stood out as being differentially expressed between cells from healthier and diseased meniscal samples. In particular, SMAD2, a mediator of the canonical TGF-b/activin signaling pathway was more abundant in healthier meniscus cells (Figure 1I ; for a full listing, visit http://www.miosge.med. uni-goettingen.de/de/?id=17). To follow up on this finding, we performed immunohistochemical (IHC) staining and found that meniscus samples that received a high disease score exhibited a reduced IHC staining for TGF-b and SMAD2. Consistent with these findings, proteome analysis and western blotting of diseased specimens also showed a reduction in SMAD2 protein and an upregulation of RUNX2 compared to healthier specimens. These results, together with existing literature, indicated that the TGF-b/ BMP pathway, with its dual osteogenic and chondrogenic actions (Massagué, 2012) , was a good candidate to investigate in greater detail. ACTR2, KRT, HSPD1,  CALU, HSPA9, BAX, CCDC80, C17orf59, HSP90AB1, CDC42, HNRNPH1, FKBP9, MT1DP, G3BP1, CTTN, COL6A1, TAF15, ELAVL1, MCL1, AL,  HSPA4, CXorf40A CXorf40B, TCP1, RP5, VHL, PRPF4, BAG5, RIOK3, FCF1, SPTLC1, APH1A, RNF170, RCN3, DENR, CAPZB, MBNL1, CASC4, ASB1,  MRPS10, RAB23, PAAF1, FARSB, NASP, NUDC, ZNF346, RIOK1, and GAR1. The downregulated genes in diseased meniscus compared with  healthier tissue are RNF103, SLC41A3, SNX19, GTFIP1, ERF, NBPF10 NBPF3, OSBPL10, ADAM15, KIAA0930, ZMAT3, AL845464.3, ANTXR1,  ENDOD1, ZNFX1, GLT8D2, RP5-1022P6.4, ENG, POMZP3, C11orf95, LPCAT1, EPN2, POMZP3, RAB11FIP3, TBC1D2B, PCDHGC3, MMP14, TRPM4,  HDAC5, ABL1, SOX9, Antxr1, BCAN, ZP3, ABR, SNX33, RPS6KA4, CXCR7, NCOR2, PLEC, GPC1, SEMA3C, PDGFRB, LUM, ACAN, CSPG4, OAS1,  TIMP2, VCAM1, LAM5, PRSS54, PCDHB1, and FMOD. (H) Selected microarray data of genes that are known from the literature to be highly expressed in healthy hyaline cartilage tissue (SOX9, PDFGFRB, ACAN, TIMP2, and FMOD). These genes were significantly downregulated in cells derived from diseased tissue compared with cells from healthier meniscus tissue. Only COL6, as indicator gene of an active pericellular matrix of chondrocytes (Poole et al., 1992) , is upregulated. (I) Peptide abundance of selected genes shown as the mean of four experiments that analyzed cells that migrated out from meniscus from healthier and diseased samples in vitro (SD). 
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TGF-b/BMP Signaling in Human Osteoarthritic Meniscus Tissue
Because the deregulation of TGF-b family proteins has been described to be important for meniscus pathology (de Mulder et al., 2013) , we examined the TGF-b status of our samples. We observed greater staining for TGF-b3 in healthier ( Figure 2A ) tissue compared with diseased ( Figure 2B ) human menisci and also found more SMAD2/3 staining in healthier tissue ( Figure 2D ). Reduced staining for SMAD1 was also observed in diseased tissue ( Figure 2C ) compared with healthier specimens (data not shown). SMAD4 staining appeared to be similar between the two groups of human menisci ( Figure 2F ; data not shown). When we examined the tissues for the presence of TGF-b receptors, we did not find ALK1 expression in healthier meniscus tissues ( Figure 2G ) but did observe staining in blood vessels of the outer vascularized part of the same specimen, consistent with reported expression of ALK1 in endothelial cells ( Figure 2H ; Goumans et al., 2003) . However, staining for ALK5 was positive in the healthier meniscus ( Figure 2I ). Some of our IHC findings were verified by western blotting using tissue extracts from the inner zone of the menisci. All blots were quantified using ImageJ64 with a-tubulin used as a control ( Figure 2J) . A significantly higher level of SMAD2/3 was detected in healthier than in diseased tissue extracts ( Figure 2K ). Interestingly, we found greater level of RUNX2 and SMAD4 in diseased specimens ( Figures 2L and 2N ), whereas SOX9 levels were not altered significantly ( Figure 2M ). Realtime RT-PCR (for primer sequences, see Table 1 ) revealed results consistent with western blotting for the expression of TGF-b3 ( Figure 2O ) and RUNX2 ( Figure 2P ). Expression of SOX9 mRNA was reduced in diseased specimens (Figure 2Q) , as was the expression of collagen type II (Figure 2R) . Why the SOX9 mRNA reduction is not seen on the protein level remains unclear but may be due to the half-life of the protein. The simultaneous reduction in TGF-b3 and SMAD2/3 and greater levels of RUNX2 seen (J-N) Western blotting and quantification using ImageJ64: (J) a-tubulin shows equal loading; the first lanes of the blots corresponding to the dark gray bars in the graphs always show the healthier specimens. The diseased specimens are always found in the second lanes of the blots, which correspond to the light gray bars in the graphs. A significantly greater level of SMAD2/3 in healthier meniscus tissues is found (K). RUNX2 is almost undetectable in healthier tissue, whereas it is significantly elevated in diseased meniscus (L). SOX9 showed no significant differences between tissue types (M). SMAD4 was increased significantly in diseased meniscus (N).
(O-R) Quantitative real-time RT-PCR results: (O) TGF-b3 mRNA is significantly increased in healthier meniscus tissue; however, RUNX2 mRNA levels are significantly reduced in healthier meniscus (P). (Q and R) (Q) SOX9 mRNA is significantly reduced in diseased meniscus, which is in line with the significant reduction in collagen type II mRNA (R). *Significant differences (p % 0.05); error bars denote the means ± SD of three different healthier and three different diseased samples of OA patients for mRNA and western blotting experiments. 
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Migratory Meniscus Progenitor Cells in diseased meniscus have been identified as a hallmark of osteochondroprogenitor cells that are present in human tissue at late stages of OA (Koelling et al., 2009; Seol et al., 2012) and suggested to us that diseased meniscus may also contain an increased number of progenitor cells. 
Migratory Meniscus Progenitor Cells antigens on cells migrating out of the inner zone of diseased meniscus than in cells released after collagenase digestion of healthier specimens where the superficial zone remained intact ( Figure 3B ). Both populations were negative for the hematopoietic markers CD45 and CD34 (data not shown). When driven toward the chondrogenic lineage (3D alginate culture with standard chondrocyte differentiation medium) cells from damaged menisci showed 60% more SOX9 ( Figure 3D ), but RUNX2 was no longer detected ( Figure 3E ). Collagen type II appeared in chondrogenic culture conditions; however, it was undetectable in undifferentiated cells in 2D culture (Figure 3F ). The levels of SOX9 ( Figure 3G ) and collagen type II mRNA ( Figure 3H ) were also significantly increased when cells were grown in 3D and chondrocyte differentiation medium. In contrast, the levels of collagen type I mRNA decreased ( Figure 3I ). Following osteogenic differentiation, a proportion of cells became positive for alkaline phosphatase ( Figure 3J ) and osteocalcin (Figure 3K) , as well as alizarin red (data not shown). Oil red O-positive ( Figure 3L ) and PPARg-positive (data not shown) adipocytes were identified following adipogenic differentiation.
To examine the cell migration potential ex vivo (Figure 4A ), a sample of diseased meniscus tissue was placed on the scraped side of a tissue culture flask that had been 80% confluent with GFP-labeled primary meniscus cells. After 3 days, green cells were found inside the tissue sample ( Figure 4B ), which was confirmed by placing the sample in a new flask ( Figure 4C ). After an additional 7-10 days, cells, both green and unlabeled, residing in the damaged meniscus sample, were again found outside the tissue. Strikingly, cells migrated only into diseased meniscus tissues and not into the ones containing an intact superficial zone. Furthermore, a standard Boyden chamber assay revealed that the meniscus-derived cells displayed enhanced migration toward a gradient of human recombinant 
Migratory Meniscus Progenitor Cells platelet-derived growth factor (PDGF) ( Figure 4D ), much like the behavior recorded for chondrogenic progenitor cells (Koelling et al., 2009) . Taken together, the multilineage differentiation potential and the migration results enabled us to name the cells ''meniscus progenitor cells'' (MPCs).
The Influence of TGF-b3, RUNX2, and SMADs on the Chondrogenic Potential of MPCs Using real-time RT-PCR, we observed significantly higher levels of mRNA for TGF-b3 ( Figure 5A ), SMAD2 ( Figure 5B ), and SMAD3 ( Figure 5C ) in the cells derived from healthier menisci, whereas SOX9 was generally unchanged (Figure 5D) . When examined by IHC, SMAD1 perinuclear staining ( Figure 5E ), SMAD2/3 ( Figure 5F ), and SMAD4 (Figure 5G) were all detected in cells from diseased menisci. To further elucidate the possible connection of the disease stage with the TGF-b/BMP pathways, we performed a human TGF-b/BMP signaling pathway array and found significantly higher levels of mRNA for SMAD7 ( Figure 5H ), noggin ( Figure 5I ), and follistatin ( Figure 5J ) in meniscus cells from diseased tissues. Because TGF-b enhances chondrogenesis of OA chondrocytes (van der Kraan et al., 2012), we treated MPCs with 10 ng/ml TGF-b3 ( Figure 6A ). MPCs exposed to TGF-b3 exhibited significantly greater levels of SMAD2/3 ( Figure 6B ) and also significantly greater levels of p-SMAD2 ( Figure 6C ). Treatment with TGF-b3 also increased the levels of SOX9 in the MPCs compared with controls ( Figure 6D ) while also decreasing RUNX2 levels significantly ( Figure 6E ). In contrast, MPCs treated with 10 ng/ml BMP2 (an activator of the SMAD1/5/7 axis) showed significantly reduced mRNA levels of SMAD2 ( Figure 6F ) and SOX9 ( Figure 6G ). When RUNX2 was knocked down in MPCs by small interfering RNA (siRNA) interference (Figures 7A and 7B) , SMAD2/3 levels increased ( Figure 7C ); more importantly, p-SMAD2 became detectable only after the RUNX2 knockdown ( Figure 7D ).
Moreover, although the overexpression of SMAD1 or SMAD2 in MPCs (Figures 7E-7G) significantly increased SOX9 expression ( Figure 7H ), SMAD2 overexpression was more effective in reducing RUNX2 levels then SMAD1 overexpression ( Figure 7I ). These results demonstrate that the chondrogenic potential of MPCs is likely to be controlled by TGF-b3-mediated phosphorylation of SMAD2, which, in turn, upregulates SOX9 and downregulates RUNX2.
DISCUSSION
By employing a simple histopathological grading system, we have been able to separate OA tissue from patients undergoing knee replacement into samples of early OA (healthier specimens) and severe degenerative disease (diseased specimens). The discriminative power of our grading system was validated by transcriptome analysis, where the molecular pattern found in diseased samples was distinct from that found in early stage OA meniscus. Differential expression patterns have also been shown before in menisci of different age (Rai et al., 2013) . Previous results (Koelling et al., 2009; Seol et al., 2012) indicated the existence of progenitor cells in cartilage tissues from late stage OA, and, in fact, when we performed explant cultures using diseased meniscus tissue, we found cells migrating out of these specimens after a few days, which was not observed for healthier menisci. The intact superficial zone, with its flattened cells positive for collagen type I (Chevrier et al., 2009; Hellio Le Graverand et al., 2001) appear to be a barrier for cell migration. When removed, cells are able to migrate out of the less diseased samples. However, cell migration is more effective in diseased meniscus, indicating that inflammation and matrix degrading mediators are needed for migration. FACS analysis of these migratory meniscal cells showed that they were positive for well-known stem cell markers including STRO-1, CD105, or CD106. We also determined that these highly migratory meniscal-derived cells were multipotent; they synthesized collagen type II and suppressed RUNX2 in 3D culture when grown in chondrogenic medium and they can be differentiated into the osteoblastic and adipogenic lineage. Interestingly, a significant difference in marker expression was observed when we compared cells migrating out of diseased meniscal explants with cells derived from meniscal tissue digestions, which indicates that the migratory progenitor cells are a subpopulation of the cells found in diseased human meniscus tissue in vivo. When the protein expression characteristics of the MSC markers are considered together with their clonicity, multipotency, and migratory potential, we named these cells meniscus progenitor cells (MPCs). The cells show signs of senescence (data not shown); therefore, we prefer the term progenitor rather than stem cell.
MPCs are decidedly different from the recently described CPCs (Koelling et al., 2009; Koelling and Miosge, 2010 ) not only due to their tissue origin and stem cell marker pattern, but also due to their ability to produce collagen type I and type II. However, they are similar as they also appear to be modulated via a balance between RUNX2 and SOX9 (Muhammad et al., 2013) . Despite the presence of these multipotent cells in diseased human meniscus, they are not able to contribute substantially to regeneration efforts. Although the cell clusters found might be interpreted as signs of proliferation of the progenitor cells, it is likely that the numerous mediators of inflammation and tissue degeneration present, especially, in the late stages of OA 
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Migratory Meniscus Progenitor Cells OA (van der Kraan et al., 2012) . Here, we demonstrate that the treatment of MPCs with TGF-b3 results in an upregulation of SOX9 and a downregulation of RUNX2 similar to findings in articular cartilage. The shift in articular chondrocytes from SMADS2/3 to SMADS1/5 appears to be important for the development of OA, and, recently, a balancing role of endoglin (CD 105) for this shift has been highlighted (Finnson et al., 2010) . This change in pathway mediators may also be the case in the diseased human meniscus, because we found lower levels of SMAD2/3 and higher levels of RUNX2 in diseased tissue compared with healthier meniscus tissue.
The complex regulatory role of the signaling balance between TGF-b/BMP in OA pathology is widely acknowledged (Finnson et al., 2010; van der Kraan et al., 2010) , and our data suggest this interaction also governs meniscal cell behavior. We observe that MPCs from less diseased meniscus respond to TGF-b via the ALK5 receptor, and that this promotes chondrogenesis, whereas MPCs from more diseased meniscus are prone toward osteogenesis. Furthermore, our findings suggest that specific components of the TGF-b pathway may be suitable targets for regenerative therapies directed at diseased human meniscus in late stages of OA. As OA is a very complex disease, and multiple tissues that are integral to joint function are impacted in different ways (Loeser et al., 2012) , we find it unlikely that direct TGF-b treatment of the meniscus will have significant therapeutic benefit, and undesirable side effects of TGF-b therapy have been reported, including synovial hyperplasia, inflammation, or even osteophyte formation (Blaney Davidson et al., 2006; van Beuningen et al., 1998) . Our current finding supports the notion that a more nuanced understanding of the regulatory events governing MPCs biology will be necessary to identify a cell-based therapy and the modulatory factors that support using these cells for meniscal regeneration. Identification 
Histology and Meniscus Grading
For light microscopy, meniscus specimens (n = 80), including the white and red areas ( Figure 1A , inset), were processed as described previously (Koelling and Miosge, 2010) , and a combined Alcian blue/nuclear fast-red staining was performed. Based on existing grading systems (Pauli et al., 2011; Zhang et al., 2011) , we developed a simple score for meniscus degradation. The presence (1 point) or absence (2 points) of the superficial zone and the intensity of the Alcian blue staining (high = 1 point or low = 2 points) were used for evaluations. The presence of fatty degeneration and/or cell clusters (2 points) or the presence of calcifications (3 points) was also included. A minimum of 2 and a maximum score of 9 points can be reached. The threshold was set to 4 points. Three independent histologists evaluated more than 40 samples and identified 31 with a score of above 4 (diseased) and 16 with scores of below 4 (healthier). The remaining samples were not evaluated unequivocally.
Cell Isolation and Culture
Tissue pieces measuring 7-10 mm 3 from the central inner zone (white area) of the healthier (n = 12) and diseased (n = 12) human menisci were excised, and care was taken not to include the outer red zone. Samples of healthier menisci with an intact superficial zone (grading score: 2, n = 12) were also excised. After 7-10 days of incubation, only samples that lacked a superficial zone showed outgrowth of cells, which were harvested, and 10 3 cells/cm 2 were transferred to a monolayer culture under standard conditions. 3D culturing was performed using alginate beads. Samples of 2-3 mm 3 in size from the superficial area of healthier menisci (n = 7) and the central area of diseased menisci (n = 7) were harvested and digested with collagenase I (152 U/ml; Invitrogen), collagenase II (280 U/ml; Biochrom), and dispase (15 U/ml; Invitrogen) for 6 hr at 37 C.
Microarray Analysis and Bioinformatic Methods
Quality control and the quantification of total RNA samples was performed, and data from ten human samples were measured using the microarray (Microarrays) ReadyArray (HS1100), which contains 48,958 probes per microarray slide from the Stanford/ Illumina collaboration on the HEEBO (Human Exonic Evidence Based Oligonucleotide) set of long oligos. This chip was used in a one-color assay with a reference measurement of internal housekeeping genes. An internal QC was run and data were curated, primarily from nonzero flag values that indicate absent or poorquality spots, resulting in 13,585 probes. Next, quantile-normali- 
Proteome Analysis
In-gel digestion and peptide extraction was performed using aqueous acetonitrile, and mass spectrometric analysis was performed as described (Christian et al., 2014) . The eluent was analyzed using a Top10 method in the Data Dependent Acquisition mode on the Q Exactive high-resolution mass spectrometry system (Thermo Scientific) operated under Tune 2.2 using HCD fragmentation, with normalized collision energy of 25%. Peak lists were generated using the Raw2MSM v1.10 software (MPI for Biochemistry, Martinsried, Germany 
Immunohistochemistry
Ten diseased and ten healthier samples were processed for immunohistochemistry with the HiDefDetection alkaline phosphatase mouse/rabbit system (Cell Marque). Immunoreactions were also performed with swine serum as a negative control, and figures show representatives of three different healthier and three different more diseased samples of OA patients.
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Immunoblotting Immunoblotting was performed as described previously (Koelling et al., 2009 ) and quantified using a-tubulin as a loading control using the ImageJ64 program.
RNA extraction and cDNA Synthesis
Cells from samples of healthier and diseased menisci in P1 monolayer cultures were lysed directly in RLT buffer and subjected to RNA isolation (RNeasy Mini Kit, QIAGEN) as described (Koelling et al., 2009 ).
Quantitative Real-Time RT-PCR A 10 ml volume per PCR comprising 1 ng of cDNA, 5 ml of Platinum Sybr Green qPCR SuperMix (Invitrogen) and 20 pmol of each primer was chosen. The program primer 3 (http://bioinfo.ut.ee/ primer3-0.4.0/) was used to design the primers (Table 1) . PCRs were performed as described previously, and data were normalized to a highly consistent housekeeping gene (b2M). PCR products were sequenced (Seqlab), and relative ratios were calculated (Pfaffl, 2001) . Every PCR was run three times in triplicate. The intratest and intertest variations were <1%. Primer efficiencies ranged from 1.9 to 2.1.
Cell Differentiation
Chondrogenic differentiation was performed using 3D cell culture as described previously (Koelling et al., 2009 ). For osteogenic differentiation, a total of 1,000 MPCs/cm 2 in 75 cm 2 flasks were differentiated into cells of the osteoblastic lineage under the influence of NH OsteoDiffMedium or adipogenic differentiation was performed using NH AdipoDiffMedium (Miltenyi Biotec).
Immunofluorescence Microscopy P1 cells were grown on coverslips, fixed, and incubated with 100 ml of primary antibody (1:50 dilution in PBS) for 1 hr at room temperature. In the case of uncoupled primary antibodies, we then added secondary fluorescence-coupled antibodies (1:500 dilution in PBS) for 20 min at room temperature and stained with DAPI.
FACS Analysis
To test cells for stem cell markers, 10 6 cells were suspended in 100 ml of PBS containing 1 ml of fluorescence-coupled antibody at room temperature for 1 hr in the dark. Anti-human-PE/FITC immunoglobulin isotype antibodies (BD Pharmingen) served as negative controls for gating. The cells were then washed twice, centrifuged, and subjected to FACS analysis using a FACScan machine (Becton Dickinson), and 10,000 living cells were analyzed (Koelling et al., 2009) . For data evaluation, we used the WinMDlv2.9 program (Scripps Research Institute). The FACS Vantage SE (Becton Dickinson) was applied for cell selection and the Cell Quest Pro 2000 software package was used for analysis.
PCR Array
The human TGF-b/BMP signaling pathway array was used (PAHS-035ZA_0123, SAbiosciences), according to the manufacturer's instructions, and data were normalized using the standard program of the company's online platform.
GFP Transfection
The cells (5 3 10 5 ) were transfected with 2.5 mg of the pmaxGFP vector (Lonza, Koeln, Germany) in 100 ml of nucleofector solution using the Amaxa program U-23 as described before (Koelling et al., 2009 ).
Migration and Integration Assay
In an ex vivo assay, a sample of diseased meniscus tissue was placed on the scraped side of a flask that had been 80% confluent with GFP-labeled cells. After 5-7 days, the specimens were washed with PBS, transferred to a new flask and examined using a fluorescence microscope. For the in vitro migration assay, we used a commercial two-chamber system (CytoSelect, Cell Biolabs) and extinctions were measured at 560 nm. Human recombinant PDGF (R&D Systems, 10 ng/ml) was applied as chemoattractant.
Cell Induction Experiment
Cells in 3D alginate were stimulated using recombinant human BMP2 (10 ng/ml, lot# MSA3612112) and TGF-b3 (10 ng/ml, lot# MSA3612112), both of which were obtained from R&D Systems. After 24 hr, the cells were harvested and subjected to total protein and RNA extraction.
siRNA Transfections
The iLenti-GFP siRNA expression vector (ABM) was used for RUNX2 knockdown. The probe (CAGCACGCTATTAAATCCA AATT) that targeted Runx2 was placed under the control of H1/ H6 and the GFP sequence under the CMV promoter. Control experiments were performed using a vector containing a scrambled siRNA sequence or without any vector. For the transfection of cells, see above.
Overexpression SMAD1 and SMAD2 cloned into the pCMV5-Flag and pCMV5B-HA vectors were purchased from Addgene, Cambridge, USA and sequenced to verify the inserts. The cells were transfected either with the expression vector or the vector without the insert, as described above.
Statistical Analyses
Statistical product and service solutions (SPSS) software version 13.0 was used. The observed data were tested statistically, and the representative data shown are the means and standard deviation of at least three different healthier and three different more diseased samples of OA patients, if not stated otherwise. After testing for normality of distribution and homogeneity of variances, we performed ANOVAs and post hoc pairwise comparisons of the mean values. The Pearson correlation coefficients were calculated to examine the relationships between parameters. A p value < 0.05 was considered significant. 
t r a c t
This study aimed to quantify the biomechanical properties of murine meniscus surface. Atomic force microscopy (AFM)-based nanoindentation was performed on the central region, proximal side of menisci from 6-to 24-week old male C57BL/6 mice using microspherical tips (R tip E 5 mm) in PBS. A unique, linear correlation between indentation depth, D, and response force, F, was found on menisci from all age groups. This non-Hertzian behavior is likely due to the dominance of tensile resistance by the collagen fibril bundles on meniscus surface that are mostly aligned along the circumferential direction. The indentation resistance was calculated as both the effective modulus, E ind , via the isotropic Hertz model, and the effective stiffness, S ind ¼ dF/dD. Values of S ind and E ind were found to depend on indentation rate, suggesting the existence of poro-viscoelasticity. These values do not significantly vary with anatomical sites, lateral versus medial compartments, or mouse age. In addition, E ind of meniscus surface (e.g., 6.1 70.8 MPa for 12 weeks of age, mean 7SEM, n ¼ 13) was found to be significantly higher than those of meniscus surfaces in other species, and of murine articular cartilage surface (1.47 0.1 MPa, n ¼6). In summary, these results provided the first direct mechanical knowledge of murine knee meniscus tissues. We expect this understanding to serve as a mechanics-based benchmark for further probing the developmental biology and osteoarthritis symptoms of meniscus in various murine models. & 2015 Elsevier Ltd. All rights reserved.
Introduction
Knee meniscus is a hydrated fibrocartilage tissue with an extracellular matrix (ECM) mainly composed of circumferentially aligned, type I-dominated collagen fibers (E20-25 wet wt%) and small amounts of proteoglycans (o5 wet wt%) (Aspden et al., 1985; Herwig et al., 1984) . In human menisci, the circumferential fibers are wrapped within the superficial layer made of radially aligned fibers, which is covered by a thin mesh of transversely aligned fibrils on the surface (Petersen and Tillmann, 1998) . Within the interior of the meniscus, circumferential fibers are further interdigitated by "radial-tie" fibers throughout (Skaggs et al., 1994) . This hierarchically structured, heterogeneous ECM provides meniscus with its biomechanical functions paramount to joint motion, including load distribution (Walker and Erkman, 1975) , shock absorption (Voloshin and Wosk, 1983) and lubrication (Fithian et al., 1990) . During the progression of osteoarthritis (OA), meniscus often undergoes maceration, tear or even total damage that leads to the loss of its biomechanical functions (Katsuragawa et al., 2010) . These symptoms contribute to the abnormal joint loading, and further accelerate the degeneration of cartilage (Englund, 2008; Hunter et al., 2006; Klompmaker et al., 1992) . Knowledge about the structure-mechanics relationships of meniscus ECM is thus critical for understanding joint function, documenting disease progression and designing repair strategies .
In the past decades, the mechanical properties of menisci in human and animals have been extensively explored via both experimental (Baro et al., 2012; Fithian et al., 1990; Proctor et al., 1989;  Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/jbiomech www.JBiomech.com Sweigart and Athanasiou, 2005) and theoretical (Spilker et al., 1992) approaches. These studies have established a knowledge base of meniscus biomechanics across species. However, biomechanical knowledge of meniscus in one critical species, mouse, is lacking. Murine models offer a unique platform to study synovial joint development and OA pathology due to its short lifespan, low cost of maintenance and availability for genetic modification (Ameye and Young, 2006; Fang and Beier, 2014) . Limited by its relatively small tissue size, conventional mechanical tests are not applicable to evaluate the structure or mechanical properties of murine menisci. Without this understanding, it is challenging to study joint development or OA degradation in murine models from the perspective of meniscus biomechanics. The objective of this study is to define the biomechanical properties of murine meniscus surface. Using atomic force microscopy (AFM)-based nanoindentation, we quantified the indentation responses of the meniscus surface from normal, male C57BL/6 mice. This study revealed the impacts of indentation rate, anatomical location and age on the mechanical properties. The indentation responses were interpreted in the context of meniscus surface collagen fibril structure quantified on 12-week old tissues. Results were compared with menisci from other species, as well as murine articular cartilage to highlight the unique properties of murine meniscus. We expect the knowledge learned from the evaluation of healthy murine meniscus to serve as a benchmark for future investigations of OA-associated mechanical symptoms of meniscus surface in various transgenic or surgery-induced murine models.
Methods
Sample preparation
Hind knee menisci were harvested from male C57BL/6 mice at 6, 8, 12 and 24 weeks of ages (The Jackson Laboratory, Bar Harbor, ME) via release from the meniscus-tibial tendons. Freshly dissected samples were maintained in phosphate buffered saline (PBS, pH ¼ 7.4) with protease inhibitors (Pierce Protease Inhibitor Tablets 88266, Thermo Fisher Scientific, Rockford, IL) at 4 1C for less than 24 h prior to mechanical tests. For each mouse, we tested the proximal side of both lateral and medial menisci. For the same mouse, we did not observe statistical differences in the mechanical properties of tissues from left versus right legs. We therefore tested either left or right knee menisci from one mouse, or pooled the data on the menisci of the same mouse.
Histology images were taken to show the overall morphology and location of ossification. Right knee joints from each of the 8-and 24-week old mice were harvested, decalcified, and embedded in paraffin. Serial 5-mm-thick sagittal sections were cut across the joint medial compartment. Safranin-O/FastGreen staining images showed that ossification at the anterior and posterior horns increased with age, with larger ossicles at the anterior end (Fig. 1a) . This observation was consistent with previous studies . However, the $ 50-100 mm thick central region for nanoindentation test was not ossified up to 24 weeks of age.
Atomic force microscopy (AFM)-based nanoindentation
Each meniscus was mounted on a stainless steel AFM disk via cyanoacrylate glue (Pelco Pro C300, Ted Pella, Inc.). Care was taken to ensure that the glue did not cover or infiltrate through the o 1 mm thick meniscus tissue, as later on confirmed by scanning electron microscope (SEM) images. For each meniscus, AFM-based nanoindentation was performed on the surface of the central, non-ossified region using a microspherical probe tip and a Dimension Icon AFM (BrukerNano, Santa Barbra, CA) (Fig. 1b) . The spherical tip was prepared by attaching a borosilicate colloid (R tip ¼5.3 7 0.4 mm, mean 7STD on n¼ 120 colloids measured via optical microscope, Polysciences, Warrington, PA) onto the tipless cantilever (nominal spring constant k E7.4 N/m, AIO-TL tip C, NanoAndMore, Lady's Island, SC) using the M-Bond 610 epoxy (Polysciences) under the Dimension Icon AFM. For each meniscus, at least 10 different locations were tested up to an indentation depth of E0.3 mm at 10 mm/s rates. In addition, to study the rate-dependent mechanical properties of murine meniscus, for 8-week old murine menisci, indentation was repeated with 0.316-10 mm/s rates at each location. Each nanoindentation was found to result in negligible irreversible plastic deformation of the tissue, as suggested by the high repeatability of indentation curves at the same location and same indentation rate. Furthermore, to directly compare to the mechanical properties of murine articular cartilage, nanoindentation was also performed on the right hind knee medial condyle articular cartilage of 12-week old male mice at 10 mm/s indentation depth rate, following previously established procedures . During all the indentation measurements, meniscus and cartilage tissues were immersed in 0.15 M PBS (pH ¼7.4) with protease inhibitors (Pierce) to maintain the physiological-like fluid environment.
Indentation data analysis
Each indentation force versus depth, F-D, curve was analyzed by two methods (Fig. 1c) . First, following our previous established procedure on articular cartilage , we calculated the effective indentation modulus, E ind , at each rate by fitting the entire portion of each loading F-D curve with Hertz model via least squares linear regression (LSLR)
where R tip is the tip radius ( E5 mm), and ν is the Poisson's ratio ( E0 for meniscus).
The choice of Poisson's ratio was based on the estimate from tissue-level studies on other species (Sweigart et al., 2004) . However, varying ν from 0-0.5 only yielded E25% difference in calculated E ind , and did not affect the conclusions of this study. Secondly, for each F-D curve, we calculated the effective indentation stiffness, S ind , as the slope of the entire portion of the loading curve via LSLR
The coefficient of determination, R 2 , was used to compare the goodness-of-fit by these two methods. For all the F-D curves, the tip-sample adhesion forces were found to be negligible compared to the indentation forces ( $ 1 mN, Fig. 1c ).
Scanning electron microscopy (SEM) and tapping mode AFM imaging
To qualitatively interpret the biomechanical properties of murine meniscus in the context of its matrix collagen structure, serial enzymatic digestions were carried out to enable direct visualization of collagen fibrils on the surface of 12-week old murine menisci. Immediately after nanoindentation, menisci was incubated in 0.1 mg/mL bovine pancreatic trypsin (Sigma-Aldrich, St. Louis, MO) in PBS (pH ¼ 7.4) at 37 1C for 24 h to remove proteoglycans, as previously described (Rojas et al., 2014) . Tissues were then incubated in 0.4 U/mL hyaluronidase (SigmaAldrich) in PBS with 10 mM sodium acetate (pH¼ 6.0) at 37 1C for 24 h to remove hyaluronan (Vanden Berg-Foels et al., 2012) . After the digestion, samples were fixed with Karnovsky's fixative (Electron Microscopy Sciences, Hatfield, PA) for 3 h at room temperature, and then rinsed thoroughly with deionized water to remove chemical residuals. The samples were first dehydrated in a series of graded ethanol-water mixtures (ethanol volume ratio: 25%, 50%, 75%, 80% and 100%), each for two 10 min immersions. They were then immersed in a series of graded mixtures of hexamethyldisilazane (HMDS) (Sigma-Aldrich) and ethanol (HMDS volume ratio: 25%, 50%, 75% and 100%), each for two 10 min immersions (Bray et al., 1993) . As surface tension was minimized in HMDS, the samples were dried in air overnight to retain the 3D architecture of the collagen structure and stored in a desiccator prior to imaging.
For tapping mode AFM imaging, a nanosized, pyramidal AFM tip (nominal R tip E10 nm, nominal k E 42 N/m, NCHV, BrukerNano) was used to visualize the meniscus surface collagen fibril architecture (n ¼3 medial menisci at 12 weeks of age) in ambient conditions using the Dimension Icon AFM. For SEM imaging, additional samples (n¼3 medial menisci at 12 weeks of age) were thermally coated with 10 nm platinum, and imaged immediately via SEM (Supra 50vp, Zeiss, Peabody, MA). For both SEM and AFM images, the distributions of collagen diameter and alignment angle, θ, with respect to the circumferential direction were manually measured via ImageJ.
Statistical analysis
Non-parametric statistical tests were used to avoid the assumption of normal distribution. Mann-Whitney U test was performed on the average S ind , or E ind , of menisci from each mouse to detect whether S ind or E ind vary significantly between the lateral versus medial compartments, or vary between meniscus and cartilage. Kruskal-Wallis test was performed to detect the variations with respect to indentation regions (inner, middle and outer), and mouse age. Friedman test was performed to examine the rate dependence of E ind or S ind . To compare the linear fit versus Hertz model, Wilcoxon signed-rank test was performed on the average coefficient of determination, R 2 , obtained on each mouse with both fits. Except for those presented in Fig. 2b , data obtained on one mouse were pooled, as no significant differences were found between left versus right meniscus, or between medial versus lateral compartments. In all the tests, a p-value of less than 0.05 was taken as statistically significant.
Results
For all menisci, most indents yielded a unique, non-Hertzian indentation response. The F-D curves were found to behave more linearly at all tested rates, rather than the typical F-D 3/2 Hertzian pattern (Fig. 1c) . For each F-D curve, S ind was calculated to provide a more precise description of the F-D dependence. The Hertz model-based E ind was also calculated to enable direct comparison with the moduli of menisci in other species, and with those of murine articular cartilage. We did not find significant heterogeneity across different anatomical locations. On the proximal side of each meniscus, S ind was found not to vary significantly across the inner, middle and outer regions (Fig. 2a) . We therefore pooled the data obtained at all three regions from each meniscus. In addition, absence of significance in S ind was found between the lateral and medial menisci (Fig. 2b) . Similar to other soft tissues, significant rate dependence was detected here, where increasing indentation rate from 0.316 to 10 mm/s significantly increased S ind . Furthermore, the linear F-D behaviors were persistent at all the tested rates (Fig. 3) .
Within the tested murine age from 6 to 24 weeks, we did not find significant trend in S ind (or E ind ). S ind was found to be 9.6 71.0 N/m, 7.8 71.0 N/m, 7.3 70.9 N/m and 7.571 .0 N/m at 6, 8, 12 and 24 weeks of age, respectively (Fig. 4a) . When the Hertz model was applied, E ind was 9.2 71.6 MPa, 6.7 7 1.1 MPa, 6.1 70.8 MPa and 7.071.2 MPa, at 6, 8, 12 and 24 weeks of age, respectively (Fig. 4b) . In all tested ages, the coefficient of determination in LSLR, R 2 , was significantly higher when using the linear fit than using the Hertz model (Fig. 4c) . When compared to its direct contact counterpart, the articular cartilage surface, the murine meniscus surface appeared much stiffer. As shown in Fig. 5 , nanoindentation on 12-week old murine cartilage yielded E ind of 1.470.1 MPa, E4 Â lower than the moduli of meniscus at the same age. (a) Effective indentation stiffness, S ind , showed no significant difference within the inner, middle and outer surface regions, measured on the meniscus central region of one 6-week old mouse (mean 7 SEM of Z8 locations in each region, p 40.05 via Kruskal-Wallis test). (b) S ind of lateral versus medial menisci showed no significant difference (mean7 SEM of the average S ind measured on each 12-week old meniscus, n¼ 6 for lateral and n¼ 7 for medial menisci, p 40.05 via MannWhitney U test). All the values were measured at 10 mm/s indentation depth rate.
Results from tapping mode AFM and SEM imaging on 12-week old meniscus surfaces were consistent (p 40.05 via MannWhitney test), and were therefore pooled for analysis. The images yielded unique structural features of murine meniscus surface. Unlike the human tissues, we found the majority of surface collagen fibrils are aligned nearly along the circumferential direction as fibril bundles (Fig. 6a-c) . The diameters of collagen fibrils were found to be 49.8 79.5 nm (mean 7STD of 325 fibrils on the medial menisci of six 12-week old mice, 232 from SEM and 93 from AFM, Fig. 6d ), similar to those of C57BL/6 wild-type murine articular cartilage surface . In addition, the absolute values of the angle of each fibril alignment with respect to the circumferential direction, θ, were found to be 21.9720.71 (429 fibrils on six 12-week old mice, 324 from SEM and 105 from AFM, Fig. 6e ). The median of θ was 15.01. As shown by the distribution of θ, in addition the dominance of circumferentially aligned fibril bundles, there also existed transversely aligned fibrils interdigitating throughout these circumferential fibril bundles (e.g., white arrowheads in Fig. 6b and c) , with a marginal preferential alignment along the radial direction (e.g., 3.7 7 0.9% of fibrils at 701rθo801, Fig. 6e ).
Discussion
Non-Hertzian indentation responses of murine meniscus surface
The linear F-D indentation response of murine meniscus surface is reported here for the first time (Figs. 1c, 3 and 5 ). This non-Hertzian behavior likely originates from the densely packed, highly anisotropic collagen fibril structure of the meniscus surface (Fig. 6) . As revealed by SEM and AFM imaging on the 12-week old menisci, the surface is dominated by densely packed, circumferentially aligned fibril bundles, interdigitated by sparsely distributed, transversely aligned fibrils (white arrowheads in Fig. 6b and c) . This structure leads to substantial tension-compression asymmetry. When nanoindentation was performed normal to the surface, forces could mainly originate from the fibril tension resistance. In such highly aligned, densely packed fibril bundles, when fibril stretching, rather than uncrimping/realignment, dominates its deformation, stresses can travel along the fibrils much further beyond the local contact region (Wang et al., 2014) . In this experiment, stresses likely transmit along the fibril bundles to a distance orders of magnitude (⪢10 mm) greater than the tip-sample contact radius (E2.2 mm at 0.5 mm indentation depth). As a result, stresses were not localized, and indentation forces may not directly scale with the tip-sample contact area, as would be predicted by the Hertz model.
Another possible origin of this non-Hertzian response is the time-dependent poroviscoelasticity. It has been shown that when the indentation time is comparable with the characteristic viscoelasticity time (t indent /τ visco $ 1), F-D curves measured by a spherical tip follows a linear pattern (Sakai, 2002) . However, we observed the linear F-D curves at all indentation rates (0.316-10 mm/s, Fig. 3a) , rather than at one particular rate. While the rate dependent indentation behavior was only reported for 8-week old menisci (Fig. 3) , this linear F-D relationship was found to persist at other ages (6-24 weeks) The green solid line is the linear fit for meniscus data, and red dashed lines are Hertzian fits for both. (b) Meniscus surfaces (n¼ 13) showed significantly higher E ind than articular cartilage surfaces (n¼ 6) at 12 weeks age (*: po 0.0001 via Mann-Whitney U test). All the data were measured at 10 mm/s indentation depth rate. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) that poroviscoelasticity is the dominating factor. We hypothesize that the tension resistance of meniscus surface collagen fibrils is the main factor of this non-Hertzian F-D response, while poroviscoelastic time-dependence may play a minor role. Current studies are aimed at quantitatively investigating the origins of this non-Hertzian response by combining AFM imaging, AFMnanoindentation at different length scales and fibril-reinforce finite element models (Soulhat et al., 1999) to quantitatively reveal the nanostructure-nanomechanics relationships of murine meniscus and the associated age-dependence.
Absence of anatomical location dependence
We did not observe significant variations in S ind (or E ind ) across the inner to outer regions on each meniscus (Fig. 2a) , or between the lateral versus medial menisci (Fig. 2b) . This lack of mechanical heterogeneity may be associated with the unique biomechanical functions of the meniscus surface. These functions include load distribution and transmission with cartilage, and the maintenance of meniscus tissue structural integrity (Andriacchi et al., 2004; Walker and Erkman, 1975) . A structurally more homogeneous surface layer could be more effective in distributing stress to the interior and may reduce the risk of meniscus tear. This phenomenon of homogeneity is consistent with previous studies on the instantaneous modulus of skeletally mature porcine meniscus measured by AFM-nanoindentation (Sanchez-Adams et al., 2013) , and local tissue strain distribution of young bovine menisci via depth-dependent strain monitoring (Lai and Levenston, 2010) . Interestingly, this relative homogeneity of the surface is in high contrast to the salient heterogeneity of the interior meniscus. Different regions in the meniscus interior are known to have distinctive mechanical functions. As shown previously for porcine menisci, the outer (red) zone that mainly sustains circumferential tensile stresses is mechanically distinct from the inner (white) zone (Sanchez-Adams et al., 2013) that mostly undergoes compression ).
Absence of age-dependence
We also did not observe significant age-dependence in S ind or E ind from young, immature (6 weeks) to mature (24 weeks) mice (Fig. 4) . This lack of age-dependence could be attributed to the dominance of type I collagen-based fibrils and negligible concentration of proteoglycan content on meniscus surface (Moyer et al., 2013) , as the turnover of collagen is known to be markedly longer than other matrix constituents. For example, in human femoral head cartilage, the metabolic half-life of type II-dominated collagen is E117 years (Verzijl et al., 2000) , while that of aggrecan is E3.4 years (Maroudas et al., 1998) . In human skin, the half-life of type I-dominated collagen is E 15 years (Verzijl et al., 2000) . The half-life of murine meniscus collagen has not been quantified. However, it is reasonable to expect a collagen network half-life comparable to the life expectancy of mice, or at least, to the age span (6 to 24 weeks) of this study. It is therefore likely that meniscus structure and mechanics exhibit much less agedependent variations within the tested age than the aggrecanrich cartilage. Interestingly, while we did not find significant age dependence in meniscus (Fig. 4) , the density and modulus of cortical bone from the same C57BL/6 mouse strain was found to significantly increase with age within 4 to 24 weeks of age. However, this increase in modulus was marginal after 8 weeks of age, and was highly correlated with increase in the degree of mineralization (Somerville et al., 2004) . For the central region of meniscus, in the absence of mineralization, the temporal trend of development and maturation could be different from that of cortical bone. We believe that future studies targeted to younger and older mice can further elucidate the mechanical implications of meniscus, as well as its association with skeletal development and aging. 
Comparison to meniscus of other species
Interestingly, the murine meniscus surface showed significantly higher E ind than those of other species measured via nanoto microindentations. In this study, E ind of 12-week old menisci was 6.1 70.8 MPa (Fig. 3b) . In comparison, for skeletally mature porcine meniscus surface, AFM-based nanoindentation with an R tip E 2.5 mm spherical tip showed moduli in the range of 36 77 kPa (reported as mean 7SD, outer zone) to 60715 kPa (inner zone) (Sanchez-Adams et al., 2013) . For human meniscus surface, instrumented microindentation with an R tip E150 mm spherical tip showed steady state modulus of 1.65 70.13 MPa for 57-70 years old tissues (Moyer et al., 2012) . This markedly higher E ind of murine meniscus is likely associated with their smaller body weight than other species. Recently, a negative allometric scaling was found between articular cartilage thickness and body mass across many species, including mouse, human and others. This relation was hypothesized to contribute to a decrease in cartilage biomechanical properties as increasing body weight (Malda et al., 2013) . This hypothesis was supported by our previous nanoindentation work on wild-type murine knee cartilage, where murine cartilage was found to be significantly stiffer (E ind $ 1 MPa) than cartilage of larger species, including porcine (McLeod et al., 2013) , bovine (Nia et al., 2011) and human (Stolz et al., 2009) tissues (E ind $ 0.1 MPa). For meniscus, there has been no systematic study on the relationship between body mass and tissue size across species. However, since the thickness of meniscus is similar to articular cartilage in both mouse ( $ 50-100 mm in the central region, Fig. 1a ) and human ( $ 2 mm; Wenger et al., 2013) , it is likely that similar allometric scaling law is also present. As supported by recent tissue-level studies (Joshi et al., 1995; Sweigart et al., 2004) , macroindentation measurements found that the smaller lapine menisci had significantly higher aggregate moduli than the larger human, porcine and bovine tissues (Sweigart et al., 2004 ).
Comparison to murine articular cartilage
The moduli of murine meniscus surface were significantly higher than its direct contact counterpart, the articular cartilage (E ind ¼ 1.4 7 0.1 MPa, Fig. 5b ). In addition, as shown in this and previous studies, indentation of articular cartilage resulted in typical Hertzian-like F-D curves (Fig. 5a) . The surface layer of articular cartilage is mostly composed of transversely aligned, type II-dominated collagen fibrils, with higher proteoglycan concentrations than meniscus (Xia et al., 2008) . The lower cartilage moduli are likely associated with the less organized, less densely packed, or less pre-stretched collagen fibril networks on the surface. In comparison to meniscus, the presence of abundant proteoglycans in articular cartilage may also contribute to the stress localization and higher degree of isotropy, and thus, lead to more Hertzian-like indentation responses.
Implications for murine model-based osteoarthritis studies
Mechanical knowledge obtained in this study can be applied to murine-based osteoarthritis studies. Recently, AFM-based nanomechanical tests on murine cartilage have become a valuable tool for investigating the articular cartilage biomechanical function and pathogenesis of OA Nia et al., 2015; Stolz et al., 2009; Willard et al., 2014) . Successful execution of AFM-based nanoindentation on murine cartilage demonstrated the potential of using similar approaches to provide valuable insights into the roles of meniscus in the development of OA. While OA is now recognized as a whole-joint disease (Poole, 2012) , understanding of the function of meniscus and its interaction with articular cartilage during OA progression is very limited. A biomechanical focus on murine meniscus can thus provide a novel platform for investigating individual mechanical changes of joint tissues that occur and result in OA. For example, it is suggested that in articular cartilage, OA initiates from superficial layer before propagating to the interior (Saarakkala et al., 2010) , while the propagation pattern of OA in meniscus is unclear (Pauli et al., 2011) . Based on the knowledge of healthy, normal mice, future studies on the concomitant mechanical changes at the meniscus-cartilage contact interfaces may be used as a novel biomarker for the detection and evaluation of OA when combined with clinically relevant OA models, such as the destabilization of the medial meniscus surgery (Glasson et al., 2007) .
Conclusions
In this study, we quantified the nanomechanical properties of murine meniscus surface via AFM-based nanoindentation. A nonHertzian, linear F-D indentation response was detected on normal, healthy murine meniscus surface at 6-24 weeks age. This behavior is likely associated with the highly anisotropic, circumferential collagen fibril bundle-dominated architecture. The indentation modulus/stiffness showed negligible dependence on tested anatomical locations or mouse age. In addition, murine menisci were found to be E4 Â stiffer than murine articular cartilage. To our knowledge, this is the first study that focused on the mechanical properties of murine meniscus. It is hoped that the knowledge obtained here can lay the ground for future explorations of meniscus developmental biology and OA pathology using transgenic or surgery-induced OA models.
Introduction
The most common knee injury is damage to the meniscus, a fibrocartilaginous cushion with a pivotal role in protecting the articular cartilages of the tibia and femur from damage during movement. Although treatment of acute meniscal injuries has evolved dramatically in response to an increased understanding of the roles performed by the meniscus within the knee joint, surgical procedures aimed at repairing or replacing damaged menisci are often unsuccessful (1, 2) . In fact, recent data indicate that surgical repair of meniscal tears cannot reliably prevent the progression of degenerative changes and clinical symptoms that occur post-meniscal injury and presage the development of knee osteoarthritis (OA) (3) . Attempts to enhance meniscal healing with addition of fibrin clots or growth factors have shown some promise, consistent with the idea that the intrinsic healing potential of the meniscus might be improved by activation of endogenous meniscal stem cells (4) . However, progress in this area has been limited by a lack of information about the origin of meniscal progenitors and the signaling pathways controlling their proliferation and differentiation.
Recently, mesenchymal stem cell (MSC)-based therapies have been used to treat meniscal injuries as an alternative for surgical repair of meniscal lesions. Studies have shown that bone marrow-derived MSCs, adiposederived MSCs, and synovium-derived MSCs can be used to enhance healing of meniscal defects in animal models (5) (6) (7) (8) (9) (10) . Although using MSCs has shown promise, tissuespecific stem cells that reside in the meniscus are likely to have distinct characteristics that enable better repair of the meniscus, so that the tissue returns to the fully functional capacity required to prevent joint degeneration (11) (12) (13) . These include an intrinsic homing capacity that may allow meniscus-derived stem cells to migrate to the injury site (11, 14) and the ability to form both chondrogenic and fibrous tissues, a unique feature of this heterogeneous structure (13, 15) .
A greater understanding of the basic biology of meniscus-derived stem cells will be necessary for their application in cell-based repair and tissue engineering strategies. To this end, we isolated and characterized meniscal stem progenitor cells (MSPCs) from adult mouse meniscus. We chose to analyze murine cells because our data could then be used to design in vivo studies on the regulatory mechanisms underlying meniscal regeneration, as the mouse is an ideal system for genetic manipulation. Mouse MSPCs exhibit the general features of tissue-specific stem cells isolated from other musculoskeletal tissues, including clonogenicity, multi-potency, and expression of several common cell surface markers. In addition, adult mouse MSPCs express meniscus signature genes first identified in embryonic mouse meniscus that may be important for meniscal formation (16) . We also show that markers associated with MSPCs localize in distinct regions of the adult mouse meniscus hypothesized to harbor cells capable of responding to meniscal injury, further strengthening the idea that this tissue contains stem/progenitor cells that may be directed toward meniscal repair.
Materials and methods
Mice
All mouse studies were approved by the Harvard Medical School Institutional Animal Care and Use Committee. C57Bl/6 mice were obtained from Charles River labs. Mice were maintained in a virus and parasite-free barrier facility and exposed to a 12-hour (h) light/dark cycle.
Meniscal explant cell isolation and culture
For meniscal explant cultures, hindlimbs were removed from 8-week (wk), 6-month (mo), and 1-year (y)-old mice and placed in a petri dish containing sterile phosphate-buffered saline (PBS) on ice. The surrounding muscle was trimmed away and the knee joint dissected out. The patellar tendon was cut and the femur and tibia separated. The menisci remain attached to the tibia and were removed from the articular surface of the bone using a scalpel and fine curved scissors. The medial and lateral menisci were then placed in sterile PBS on ice. In the tissue culture hood, forceps were used to place 1 pair of menisci into each well of a 6-well plate. One drop (50 μl) of growth media consisting of minimum essential medium alpha ascorbic acid free (α-MEM) (Invitrogen, Carlsbad, CA) supplemented with 20% fetal bovine serum (FBS), 10 mM L-glutamine, 100 units/ml penicillin, and 100 μg/ml streptomycin was added to cover each menisci. The plate was incubated for 2 hours at 37°C; 5% CO 2 ; 42% humidity to allow the tissue to adhere; and then 1.5 ml of media were added to each well. After 3 days, an additional 1.5 ml of growth media was added and cells began to grow out of the explanted menisci 5-7 days later.
Colony-forming and multi-differentiation potential assays
For colony-forming efficiency assays, MSPCs from 8-wkold mice at passage 1 (P1) were cultured at 1000-2000 cells per 25-cm 2 flask in growth media for 12 days and stained with 0.05% methyl violet (Sigma, St. Louis, MO). Only colonies containing more than 50 cells were counted.
For multi-differentiation assays, MSPCs from 8-wkold mice were plated at colony-forming density (2000 cells) in 25-cm 2 flasks and cultured in growth medium for 12 days. Differentiation media were chosen based on standard protocols for mouse bone marrow stromal cells (17) . To analyze osteogenic potential, cells were switched to osteogenic media that consisted of growth media supplemented with 10 mM β-glycerol phosphate and 50 μg/ml ascorbic acid (Sigma) for another 7 days. Colonies were then stained with 0.5% alizarin red S (Sigma). To test adipogenic potential, cells were switched to adipogenic media consisting of growth media supplemented with 100 nM dexamethasone, 5 μg/ml insulin, and 50 μM indomethacin (Sigma) for 7 more days. Colonies were then stained with 0.3% oil red O (Sigma). To assess chondrogenic potential, cells were switched to chondrogenic media consisting of growth media supplemented with 50 μg/ml ascorbic acid, 100 nM dexamethasone, 40 μg/ml L-proline, 2mM sodium pyruvate, and 1% insulin transferrin-selenious acid mix (ITS+) (Sigma) for another 7 days. Flasks were then stained with alcian blue pH 1.0 (Sigma).
Flow Cytometry (FACS) analysis
P1 MSPCs from 8-wk-old mice were suspended at a density of 1 × 10 6 cells in FACS buffer (PBS, 1% FBS) containing 1-5 μg/ml of primary or control antibodies. After incubation for 30 minutes at 4°C, the cells were washed three times with FACS buffer and suspended in 500 μl FACS buffer for the analysis. The following fluorescein isothiocyanate (FITC), allophycocyanin (APC), or phycoerythrin (PE)-coupled antibodies were used: CD34 (#11-0341; eBiosciences, San Diego, CA), CD44 (#17-0441; eBiosciences), CD73 (#12-0731; eBiosciences), CD105 (#17-1051; eBiosciences), Sca1 (#561077; BD Pharmingen, San Jose, CA), and CD90.2 (#60115FI.2; STEMCELL Technologies, Vancouver, BC). Samples were evaluated using a BDLSRII flow cytometer (BD Biosciences, San Jose, CA), and the data were analyzed using the FlowJo software program (FlowJo, Ashland, OR) .
RNA isolation and quantitative real-time PCR (qRT-PCR) analysis
Total RNA was isolated from MSPCs (P1) from 8-wk-old mice using the RNEasy Plus Universal Kit (Qiagen, Valencia, CA). Reverse transcription was performed using EcoDry Premix Kit (Clontech, Mountain View, CA). Quantitative PCR was performed using FastStart Universal SYBR Green Master Mix (Roche, Nutley, NJ) on a StepOnePlus Real-Time PCR System (Applied Biosystems, Life Technologies, Beverly, MA), and primers as outlined in Supplemental Table S1 . Values were normalized to cyclophilin B using the 2-ΔΔCt method (18) .
Immunohistochemistry
For immunohistochemistry, knees were fixed in 10% neutral-buffered formalin overnight at 4°C and decalcified for 2 weeks in 0.5M EDTA at 4°C. Sections of 8-wk-old murine knee joints were deparaffinized, rehydrated, and incubated in citrate buffer pH 6.0 at 65°C for 1 hr or in hyaluronidase (Sigma) at 37°C for 10 min for antigen retrieval. Sections were then blocked and incubated with primary antibody overnight at 4°C. Immunohistochemical detection was performed using a Vectastain ABC kit (Vector Laboratories, Burlingame, CA) according to the manufacturer's instructions and visualized using a DAB peroxidase substrate kit (Vector Laboratories) followed by counterstaining with Hematoxylin QS (Vector Laboratories). Primary antibodies used were biglycan (1:100, Abcam, Cambridge, MA), CD44 (1:1000, Abcam), IGF-1 (1:250 Abcam), and lysyl oxidase (1:250, ThermoFisher, Waltham, MA).
Statistical analysis
Results are presented as the mean plus and minus standard deviation (SD). Data are based on triplicate reactions of at least three biological samples.
Results
Mouse meniscal explant culture
Based on explant culture procedures for human meniscus and cartilage (11, 19) , a reproducible protocol was developed for isolating meniscal progenitor cells from adult mouse meniscus. After 5-7 days in culture, cells began to grow out of the explanted menisci ( Figure 1A) . The meniscus-derived cells grew clonally and exhibited a spindle-shaped morphology ( Figure 1B ) typical of mesenchymal stem cells and similar to migratory meniscal cells from the human meniscus (11) . The cells grew equally well out of both the lateral and medial menisci of mice of all ages tested, were successfully passaged after 14 days, and grew well in monolayer. Subsequent experiments were all performed using meniscal explants from 8-wkold mice, and the meniscus-derived cells were designated MSPC (meniscal stem progenitor cells).
Mouse MSPCs exhibit stem cell-like characteristics
To begin to characterize the stem cell potential of MSPCs, we examined their clonogenicity. Single-cell suspensions were generated and cultured from 8-wk-old mouse meniscal explants. A portion of these meniscal cells attached onto the plastic surface of the flask and colonies was visualized using methyl violet staining after 12 days ( Figure 1C) . A small population (2-3%) of the meniscusderived cells formed adherent colonies that varied in size, cell density, and morphology, reflecting differences in cell proliferation rates and the inherent heterogeneous nature of meniscal tissue ( Figure 1D-F) .
Next, we examined whether MSPCs had the capacity to differentiate into various cell lineages (osteoblast, adipocyte, chondrocyte), a fundamental characteristic of stem cells. To test the osteogenic potential of this cell population, MSPC colonies were differentiated in osteogenic medium. After 7 days, alizarin red-positive mineralized calcium deposits were detected ( Figure 1G ). After induction in adipogenic medium for 7 days, MSPC colonies showed accumulation of lipid droplets visualized by positive oil red O staining ( Figure 1H ). When differentiated in chondrogenic medium for 7 days, MSPC colonies stained positive for alcian blue indicating synthesis of proteoglycans by chondrocytes (Figure 1 ). These results suggest that MSPCs can form colonies and are multipotential, two key features of mesenchymal stem cells.
FACS analysis
To confirm whether the MSPCs possess the established properties of stem cells, they were subjected to fluorescence-activated cell sorting (FACS) analysis for surface markers associated with stem cells from joint tissues (8, 11, 13, (19) (20) (21) (Figure 2A ). We found that MSPCs (P1) were over 97% positive for CD44, a mesenchymal stromal cell marker, and over 87% positive for stem cell antigen-1 (Sca-1). In addition, cells were also positive for CD90.2 (54%) and CD73 (35.4%) and expressed low levels of CD105 (2.2%). MSPCs were negative for CD34 verifying the lack of contaminating hematopoietic cells. This flow cytometry profile is similar to that of human migratory meniscus progenitor cells (11) and suggests that mouse MSPCs have characteristics of mesenchymal stem cells.
Gene expression profile of MSPCs
To further characterize the MSPCs, we examined the expression profile of molecular markers of mature meniscus, cartilage, tendon and bone, and also genes we have shown previously to be associated with formation of the embryonic meniscus (16) . RNA was isolated from MSPCs expanded to passage 1 (P1) from 8-wk-old mouse meniscal explants. qPCR analysis revealed that MSPCs exhibited high relative expression of biglycan, a small leucinerich proteoglycan found in the meniscus, and collagen type I, the major collagen of the outer fibrous region of the meniscus and intermediate levels of decorin, the other meniscal small structural proteoglycan, and Sox9, a chondrogenic transcription factor ( Figure 2B ). In contrast, MSPCs had lower relative expression of the major inner meniscal ECM components collagen type 2 and aggrecan ( Figure 2B ). This expression pattern may be indicative of the origin of MSPCs from the outer versus the inner region of the meniscus. In addition, MSPCs did not express significant amounts of tendon or bone markers reflecting their potential as tissue-specific progenitor cells for the meniscus ( Figure 2B ). Intriguingly, MSPCs expressed robust levels of the meniscus signature gene lysyl oxidase (Lox), an enzyme responsible for collagen cross-links in skeletal and connective tissue, as well as Igf-1, the major signaling pathway enriched in the developing meniscus (16) (Figure 2C ). 
Localization of MSPCs
Finally, to verify the data obtained from our FACs and qPCR analyses with MSPC behavior in vivo, we examined the spatial localization of a select group of MSPCexpressed factors using immunohistochemistry. CD44, biglycan, Lox, and IGF-1 were all detected in the outer periphery of the meniscus in the fibro-chondrocytes of the superficial zone in knees of 8-wk-old mice ( Figure 3A-F) . This superficial zone is thought to contain endogenous progenitor cells with regenerative capabilities (22) . In addition, positive staining was seen for CD44, biglycan, Lox, and IGF-1 in the fibroblast-like cells of the outer vascular zone. This region is rich in collagen type I and has a higher capacity for healing and repair (15) . These data confirm our in vitro studies and suggest that in the mouse, endogenous progenitor cells may reside in the superficial and outer region of the meniscus in vivo.
Discussion
A detailed understanding of the molecular and cellular events that underlie tissue repair is essential for addressing pathologies associated with injury, disease, and aging in the musculoskeletal system. Little information exists about resident stem cell populations in the mouse meniscus, a model increasingly used to study joint diseases including OA. Our previous work focused on the developmental biology of mouse meniscus, identifying key events mediating morphogenesis and the signaling pathways that direct this process (16, 23) . Here, we report the isolation and characterization of resident meniscus stem/progenitor cells (MSPC) derived from adult mouse meniscus explant cultures. MSPCs demonstrate general properties of other stem cells including clonogenicity and multipotentiality, express cell surface antigens associated with mesenchymal stem cells, and display elevated levels of meniscal marker genes. In addition, we observe a correlation between sites within the meniscus that are thought to harbor endogenous repair cells and the localization of proteins associated with MSPCs. We believe that identification of MSPCs provides a powerful tool for enhancing cell-based strategies focused on meniscal regeneration as there is increasing evidence that tissue-resident stem cells are critical for organ homeostasis and effective wound healing (24) . Although MSCs and synovium-derived stem cells have been tested in meniscal injury models (5) (6) (7) (8) (9) (10) , endogenous stem/progenitor cells may be best suited for repair of the meniscus, a tissue with distinct composition, architecture, and function in the knee joint.
In previous studies, meniscus-derived stem cells were identified and isolated from rabbit and human following tissue digestion (12, 13, 21) . Unlike those investigations, the MSPCs described in our studies migrated out of whole explanted mouse menisci. Since cell motility is now recognized as a vital property of stem and progenitor cells (24) , our MSPCs may represent a more promising cell population for meniscal repair. The MSPCs we identified express progenitor and stem cell markers that localize to the outer vascular zone and superficial zone of the adult meniscus, two areas thought to contain cells for repair (15, 22) . As these anatomical sites are distinct in character, the presence of MSPCs at both locations suggests the possibility of multiple stem cell niches within the meniscus. It is also unclear at this point whether our mouse MSPCs are a mixed population of stem cells that migrated out of several sites within the meniscus or a single population of MSPCs that reside at multiple sites where they respond to specific niche cues. Lineage tracing studies to track cell behavior using transgenic mouse models will be useful in answering this question.
Our in vitro analyses of mouse MSPC revealed elevated expression levels of Lox and Igf-1, genes previously identified as highly expressed in embryonic meniscus (16) . In the musculoskeletal system, Lox functions to covalently cross-link collagen fibers, thus enhancing tissue mechanical integrity. Stimulating endogenous Lox expression improves the biomechanical properties of both native and engineered connective tissues, including meniscus (25) , so that expression of Lox by MSPC may be one way of strengthening newly laid down repair tissue. IGF-1 is a critical mediator of both bone and cartilage tissues and has shown promise as a stimulator of cell proliferation and ECM production by meniscal fibrochondrocytes (26, 27) . In the context of repair, IGF-1 treatment of engineered meniscal constructs correlates with improved mechanical, biochemical, and surface lubrication properties (28, 29) . As tissue regeneration often recapitulates aspects of embryonic tissue morphogenesis, the expression of Lox and IGF-1 by MSPCs may be an identifying characteristic that defines a reparative cell population resident in the adult mouse meniscus.
Overall, our mouse MSPCs had a cell surface marker expression profile similar to meniscal stem cells from rabbit and human and from other tissue sources including synovium, tendon, and fat (7, 8, (11) (12) (13) 20, 21) . The one intriguing exception was CD105 (endoglin), a high affinity co-receptor for TGF-β1, whose expression has traditionally defined mesenchymal stromal cells of adipose and bone marrow origin (30) . MSPCs from mouse were only 2% positive for CD105, while MSPCs from rabbit and human were 94-96% positive (11) (12) (13) . This significant change could be due differences in isolation methods for meniscal stem cells or in the age of the specimen used. For example, the mouse meniscal tissue we used was from healthy 8-wk-old animals, while the human meniscal samples used for MSPCs were from 62-to 75-yr-old patients with latestage knee OA (11, 21) . In addition, there may be inherent species variability as the rodent meniscus mineralizes, while the rabbit and human menisci do not (23, 31) . MSPCs from mouse may need to have low CD105 levels in order to form this bone tissue which is a normal process in their meniscal development and maturation (23, 31) as previously reports have shown that low CD105 adipose stem cells have an enhanced capacity for osteogenesis due to decreased TGF-β1/ Smad2 signaling (30) .
Our current findings support the notion that a greater understanding of the basic biology of meniscal stem/progenitor cells is needed to better inform cellbased treatments for meniscal pathologies. Analysis of meniscus-derived stem cells in an animal model such as the mouse will allow for detailed studies of their behavior during injury and repair and of the regulatory pathways that guide these processes, critical steps in identifying therapeutic targets for the regeneration of diseased or injured meniscal tissue. INTRODUCTION: The most common knee injury is damage to the meniscus, a fibrocartilaginous cushion with a pivotal role in protecting the articular cartilage from damage during movement. Although treatment of acute meniscal injuries has evolved dramatically in recent years, surgical procedures aimed at repairing or replacing damaged menisci are often unsuccessful. In fact, most surgical repair of meniscal tears cannot reliably prevent the progression of degenerative changes and clinical symptoms that presage the development of knee osteoarthritis (OA). Attempts to enhance meniscal healing with addition of fibrin clots or growth factors have shown some promise, consistent with the idea that the intrinsic healing potential of the meniscus might be improved by activation of endogenous meniscal stem cells. However, progress in this area has been limited by a lack of information about the origin of meniscal progenitors and the signaling pathways controlling their proliferation and differentiation. A greater understanding of the basic biology of meniscus-derived stem cells will be necessary for their application in cell based repair and tissue engineering strategies. To this end, we isolated and characterized meniscal stem progenitor cells (MSPCs) from adult mouse meniscus. We chose to analyze murine cells because our data could be used in future studies on the regulatory mechanisms underlying meniscal regeneration and the mouse is an ideal system for genetic manipulation. Mouse MSPCs exhibit the general features of tissue-specific stem cells isolated from other musculoskeletal tissues, including clonogenicity, multi-potency and expression of several common cell surface markers. In addition, adult mouse MSPCs express significant levels of genes first identified in embryonic mouse meniscus that may be important for meniscal formation. We also show that markers associated with MSPCs localize in distinct regions of the adult mouse meniscus hypothesized to harbor cells capable of responding to meniscal injury.
METHODS: This study was approved by the Harvard Medical School IACUC. MSPCs were isolated from C57Bl/6 mouse menisci grown in explant culture. These cells were characterized for stem cell properties using colony-forming assays and for their ability to differentiate in osteogenic, adipogenic and chondrogenic media. Flow cytometry was used to detect the presence of surface antigens related to stem cells on MSPC, and qRT-PCR was used to examine the gene expression profile of MSPCs. The major proteins associated with MSPCs were localized in the adult mouse knee using immunohistochemistry (IHC).
RESULTS: Based on explant culture procedures for human meniscus and cartilage, a protocol was developed for isolating meniscal progenitor cells from adult mouse meniscus. After 5-7 days, cells began to grow out of the explanted menisci ( Figure 1A ). In culture, these meniscus-derived cells grew clonally and exhibited a spindle-shaped morphology ( Figure 1B ). Cells grew out of both the lateral and medial menisci of mice of all ages tested (8wk, 6 mo, 1yr) and grew well in monolayer. Mouse MSPCs showed universal stem cell like characteristics including clonogenicity and multi-potentiality ( Figure 1C-F) . FACs analysis revealed MSPCs expressed the mesenchymal stem cell markers CD44, Sca-1, CD90 and CD73, and when cultured in monolayer had elevated levels of biglycan and collagen type I, important extracellular matrix components of adult meniscus. MSPCs also expressed robust levels of the meniscus signature gene lysyl oxidase (Lox), an enzyme responsible for collagen cross-links in skeletal and connective tissue, as well as Igf-1, the major signaling pathway enriched in the developing meniscus. To verify data obtained from FACs and qPCR analyses with MSPC behavior in vivo, the spatial localization of a select group of MSPC expressed factors was examined using IHC. CD44, biglycan, Lox and IGF-1 were all detected in the outer periphery of the meniscus in the fibro-chondrocytes of the superficial zone of 8 wk old mice ( Figure 2B -E). This superficial zone is thought to contain endogenous progenitor cells with regenerative capabilities. In addition, positive staining was seen for CD44, biglycan, Lox and IGF-1 in the fibroblast like cells of the outer vascular zone. This region is rich in collagen type I and has a higher capacity for healing and repair.
DISCUSSION: We believe that identification of MSPCs provides a powerful tool for enhancing cell-based strategies focused on meniscal regeneration, as there is increasing evidence that tissue-resident stem cells are critical for organ homeostasis and effective wound healing. Although MSCs and synoviumderived stem cells have been tested in meniscal injury models, endogenous stem/progenitor cells may be best suited for repair of the meniscus, a tissue with distinct composition, architecture and function in the knee joint.
SIGNIFICANCE: A greater understanding of the basic biology of meniscal stem/progenitor cells is needed to enhance treatments for meniscal pathologies. Analysis of meniscus derived-stem cells in animal models such as the mouse will allow for detailed studies of their behavior during injury and repair and of the regulatory pathways that guide these processes, critical steps in identifying therapeutic targets for the regeneration of diseased or injured meniscal tissue. 
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